ABSTRACT: Push-pull molecules represent a unique and fascinating class of organic p-conjugated materials. Herein, we provide a summary of their recent extraordinary design inspired by letters of the alphabet, especially focusing on H-, L-, T-, V-, X-, and Y-shaped molecules. Representative structures from each class were presented and their fundamental properties and prospective applications were discussed. In particular, emphasis is given to molecules recently prepared in our laboratory with T-, X-, and Y-shaped arrangements based on indan-1,3-dione, benzene, pyridine, pyrazine, imidazole, and triphenylamine. These push-pull molecules turned out to be very efficient charge-transfer chromophores with tunable properties suitable for second-order nonlinear optics, two-photon absorption, reversible pH-induced and photochromic switching, photocatalysis, and intercalation.
Introduction
Organic push-pull molecules represent a subclass of p-conjugated systems that are end-capped with electron donor(s) and electron acceptor(s). The D-p-A arrangement allows direct interaction of the donor (D) and the acceptor (A) through the p-system, so-called intramolecular charge transfer (ICT), and generates a new molecular orbital. The excitation of the electrons within the new orbital can be achieved by visible light, which gives push-pull molecules their color (charge-transfer (CT) chromophores). Apart from distinct optical properties, the ICT significantly polarizes the whole p-system and D-p-A molecules possess a dipolar character. The ICT can graphically be expressed by limiting resonance forms ( Figure 1 ). [1] The main advantage of CT chromophores with the D-p-A arrangement over other inorganic and organic dyes can be seen in their well-defined and tunable structures and predictable properties. In principal, the fundamental features of push-pull molecules, such as the HOMO and LUMO levels and their difference (band gap), position of the longestwavelength absorption maxima (CT band), and dipole moment, can be modulated by alternating the A, D, and p parts. Variation of the electron-withdrawing and -releasing behavior of A and D, modification of the p-system (length, composition, and polarizability), and overall chromophore arrangement (number and mutual arrangement of the A and D moieties, planarity, and further auxiliary functionalization) currently represent well-developed tools for tailoring D-p-A systems towards desired applications. [1, 2] In this respect, the incorporation of a heteroatom into the p-conjugated backbone seems to be a newer, but also powerful strategy directed towards the modulation of optoelectronic properties. Six-and five-membered heterocycles, such as azines, [3] thiophenes, [4, 5] and imidazoles, [6] belong to the most widely employed heterocycles. Heteroaromatic compounds represent an alternative to hydrocarbon scaffolds, while the heteroatoms bring higher polarizability, as well as thermal and chemical robustness, and behave as auxiliary electron donors/acceptors, and constitute a place of further modification (acid/base and coordination properties).
From a historical point of view, the first push-pull organic molecules were used as dyestuffs, for example, the synthetic dye mauveine. [7] After invention of the laser in 1960, D-p-A systems also became important media for nonlinear optics (NLOs).
[8] More recently, organic push-pull molecules have notably infiltrated materials chemistry, and organic electronics and optoelectronics currently represent well-developed and burgeoning areas. [9] The concept of p-conjugated molecules with the D-p-A arrangement has been advantageously utilized in dye-sensitized solar cells (DSSCs), [10] bulk-heterojunction solar cells (BHJSCs), [11] organic light-emitting diodes (OLEDs), [12] two-photon absorbers (2PAs), [13] and near-infrared absorbing dyes. [14] In addition to the ordinary linear D-p-A systems, CT chromophores may also adopt advanced quadrupolar (D-(p-A) 2 or A-(p-D) 2 ) and tripodal (D-(p-A) 3 or A-(p-D) 3 ) arrangements. In recent years, extraordinary arrangements of push-pull chromophores inspired by letters of the alphabet appeared in the literature. Hence, based on these, as well as our contributions, we cover herein the design, properties, and further use of selected classes of such peculiar chromophores. In alphabetical order, these include H-, L-, T-, V-, X-, and Yshaped molecules, as schematically shown in Figure 2 . Most frequently, the letter shape corresponds to either p-conjugated Parmeshwar Solanke was born in India, in 1982. He received his Master's degree in organic chemistry from The Swami Ramanand Teerth Marathwada University Nanded (India). He received his PhD in 2015 from the University of Pardubice under the supervision of F. Bure s. Before starting his doctoral studies, he worked as a Research Assistant at the National Chemical Laboratory, Pune (India). His research interests include the synthesis, properties, and applications of novel materials for nonlinear optics, organic solar cells (DSSCs), and organic light-emitting diodes (OLEDs). Filip Bure s was born in Poprad, Slovakia (1979) , and studied chemistry at the University of Pardubice (1997 Pardubice ( -2002 . He received his PhD in organic chemistry (2003) (2004) (2005) from the University of Pardubice, where he was also habilitated in 2010. He pursued (post)doctoral studies with Prof. P. Knochel (LMU, Munich) and Prof. F. Diederich (ETH, Zurich). He currently leads his own working group at the Institute of Organic Chemistry, University of Pardubice, which focuses on the design and synthesis of p-conjugated molecules for miscellaneous optoelectronic applications. dihydroanthracene parent scaffold for the construction of chromophores 4 and 5, bearing methoxy donors and nitro and dicyanovinyl (DCV) acceptors ( Figure 3 and Table 1) . [16] In a very similar way as that discussed above, they demonstrated that H-shaped chromophores possessed significantly improved optical nonlinearities over mono D-p-A systems. Interesting H-shaped chromophore 6 was prepared by Zhen et al. [17] This molecule contains two julolidine donors saturating two different electron acceptors (tricyanofuran (TCF) and DCV) across two different p-linkers. NLO measurements of unsymmetrical 6 embedded into polycarbonate showed improved poling efficiency, which was due to a reduced intermolecular dipoledipole interaction (also supported by DFT calculations).
The concept of two D-p-A azobenzenes cross-linked through a spacer into H-shaped molecules has recently also been utilized in polymer chemistry. [18] In this respect, various dendron-like, oligomeric, (hetero)aromatic, and aliphatic spacers and polymeric backbones were introduced by Li et al. It has been shown that such H-shaped chromophore embedding leads to polymeric materials with an enhanced NLO effect, optical transparency, and chemical and thermal robustness.
In contrast to previous H-shaped chromophores, the antiparallel arrangement of two linked D-p-A units is much scarcer, most likely due to tedious synthesis. In 2014, Dong et al. reported on push-pull tetraarylbuta-1,3-diene 7 (Figure 4) , with aggregation-enhanced emission and mechanotronic fluorescence properties. [19] Among others, the D-p-A H-shaped arrangement turned out to be the most beneficial by providing the molecule with a large dipole moment, mechanochromic contrast, and high solid-state fluorescence quantum yield. The third group of H-shaped molecules with a central acceptor unit end-capped with four peripheral electron donors is shown in Figure 5 . In these molecules, the central p-conjugated scaffold is often based on heterocyclic moieties, such as bipyrimidine (8), [20] 2,3,6,7-tetraazaanthracene (9), [21] dipyrido[3,2-a:2 0 ,3 0 -c]phenazine (10 and 11), [22] and 2,1,3-benzothiadiazole (12) . [23] Bipyrimidine 8 has been investigated as a D 2d octupolar chromophore with a large second-order nonlinear optical response (b/b 0 5190/130 3 10 230 esu, measured by harmonic light scattering at 1640 nm in CHCl 3 ), tetraazaanthracene 9 showed typical n-type characteristics and could be considered as a promising candidate for organic electronic devices. In phenazines 10 and 11, the ICT can easily be tuned by extending the p-system with thienylene units (n50 or 1). These chromophores showed outstanding thermal stability (T d10 over 5008C) and were suggested as organic materials suitable for OLEDs, DSSCs, and organic field-effect transistors (OFETs). Branched benzothiadiazole derivative 12 emitted red light, with k max E 5621 nm, with a fluorescence quantum yield of 33% and showed a two-photon absorption cross-section, d 2PA , of 351 GM (820 nm).
L-Shaped Molecules
Selected heterocyclic moieties can also be employed as central p-backbones for the construction of L-shaped push-pull molecules. Figure 6 shows two examples based on benzo[d]imidazoles (13) [24] and s-triazolo[3,4-b]thiadiazoles (14 and 15). [25] "Half-cruciforms" 13 could easily be synthesized in a two-step reaction sequence and were used as fluorophores that significantly responded to/sensed various bases, acids, and anions, depending on the orientation of the N,N-dimethylamino donor and pyridine acceptor. 248 esu (EFISH, 1900 nm, DMF)). [25] As can be seen, a proper orientation of the donor/acceptor around the parent heterocyclic core redshifts the longestwavelength absorption maxima by 20 nm and more than doubles the NLO response.
T-Shaped Molecules
T-shaped chromophores represent another extraordinary structural arrangement of push-pull molecules. Several (hetero)aromatic p-backbones were utilized to construct such molecules. In 2013, we showed the first systematic modification of an indan-1,3-dione-fused benzene ring through cross-coupling reactions, leading to T-shaped chromophores 16. [26] The straightforward synthetic pathway starts from inexpensive phthalic anhydride and its gradual iodination, Claisen condensation with ethyl-acetoacetate, and decarboxylation afforded 4,7-diiodoindan-1,3-dione as an intermediate capable of further Knoevenagel condensation and cross-coupling reaction (Scheme 1). In this modular way, various lower and peripheral electron donors can be attached to the central indan-1,3-dione acceptor to generate 16 tripodal (D-p) 2 -A-p-D molecules with systematically modified electron donors (D) and the p-system length (n). These structural modifications allowed tuning of the electrochemical/optical gaps within the range of 2.13-1.43/2.55-1.93 eV and provided optical nonlinearities with lb5230-2100 3 10 248 esu (EFISH, 1907 nm, CH 2 Cl 2 ). [27] It turned out that the lower electron donor was involved in more-efficient ICT than the peripheral ones.
Fages et al. utilized 1,3-dicarbonyl compounds as part of the electron-withdrawing dioxaborine moiety in 17 ( Figure 7 ) saturated by three peripheral methoxy and dialkylamino donors. [28] Spectral investigations of this molecule revealed photoinduced ICT from the peripheral branches, resulting in two closely lying excited states with the possibility of controlling the ICT through solvent, protonation, and complexation. 9H-Fluorene can also be used as a parent hydrocarbon scaffold for the construction of CT chromophore 18 ( Figure 7 ) equipped with two accepting pyridin-4-yl moieties and a 1,3-dithiole donor. [29] The extent of ICTwas investigated by X-ray analysis, electrochemistry, electronic absorption spectra, and was completed by DFT calculations.
Heteroaromatic phenazine is probably the most often employed p-backbone for the construction of T-shaped molecules bearing a central acceptor moiety. Figure 8 shows two representative derivatives, 19 and 20, with a lower bipyridine acceptor or bithiophene donor and two peripheral donors D (TPA, carbazole, and 4-methoxyphenyl). Positioning of the D along the p-conjugated core of 19 significantly affected the absorption and emissive properties, as well as thermal stability. Moreover, due to a N5C-C5N (bipy) binding pocket in 19, these chromophores can also be used as auxiliaries to chelate Ru(II). [30] The latter type of chromophores 20 showed structured absorption covering almost the whole range of visible light, provided red emission, and could grow into straight microwires in DCM/ethanol. [31] In particular, chromophore 20 equipped with TPA donors showed a high fluorescence quantum yield, large Stokes' shift, and low optical loss coefficient of 0.29 dB/lm, and therefore, could be considered as a promising red-emitting waveguide material. In general, phenazine-derived T-shaped molecules proved to be chromophores well suited for tuning and controlling the ICT, [32] particularly when going to more extended bisphenazines. [33] For instance, T-shaped bisphenazines were thoroughly investigated by Lee et al. as self-assembling molecules or organogelators. [34] Apart from six-membered diazines, benzo [d] imidazole can also be employed as a central heteroaromatic scaffold for the construction of either L-shaped half-cruciforms 13 ( Figure  6 ) or T-shaped chromophores. For instance, Nakashima et al. published a series of papers focusing on 2,4,7-trisubstitued benzo[d]imidazole tripodal derivatives 21 ( Figure 9 ). [35] In these molecules, the central benzo[d]imidazole was primarily used as an acid-responsive core, which upon protonation only redshifted the emission maxima without significantly affecting the position of the absorption CT band. In contrast to analogous linear chromophores, T-shaped 21 showed twisted intramolecular charge transfer (TICT), and therefore, orthogonally allocated branches at positions C4 and C7 seemed to be essential for the emergence of TICT. A vertical p-system with higher quinoid character generally suppressed the TICT emission, leading to a more planar ICT state. Benzimidazolium T-shaped molecules were also utilized as a new templating motif for the formation of [2]pseudorotaxanes, in which the T-shape arrangement greatly enhanced the association with crown ethers when compared with simple linear analogues. [36] Some other spiro-and carbazole-derived T-shaped pushpull molecules appeared in the literature, with applications ranging from photoinduced switches to amphiphilic molecules. [37, 38] 
V-Shaped Molecules
V-shaped push-pull molecules (also referred to as U-or K-shaped) appear in the current literature much more often than the previous three series. Hence, in the following section, the most common structural motives used for their construction, such as pyran, pyridine, diazines, (di)azinium salts, carbazole, and others, are summarized. Pyran belongs to one of the most widely employed heteroaromatic compounds used as either proaromatic electron donor or p-conjugated central moieties ( Figure 10; 22) . [39] Whereas electron donors in 22 are mostly connected at the positions C2 and C6, electronwithdrawing moieties are introduced at the position C4 through a Knoevenagel reaction. The electron-releasing moieties (D) comprise N,N-dialkyl(aryl)amines, indole, carbazole, and proaromatic 4H-pyran-4-ylidene; the A part is represented by the strongest electron-withdrawing moieties, such as DCV, (thio)barbituric acid, isoxazolone, and TCF. The p-system is often extended through polarizable 2,5-thienylene linkers. [40] It turned out that the central pyranylidene moiety behaved strictly as a polyenic spacer, not as an auxiliary donor, unlike the pyranylidene terminal donor. Moreover, both C2/C6 branches can be unsymmetrically substituted, which further improves the second-order NLO response and such quadrupolar molecules possess absorption maxima reaching 700 nm with large intrinsic hyperpolarizabilities, b/lb, up to 490/ 7160 3 10 230/48 esu (HRS or EFISH experiments). Perspective applications of such powerful CT chromophores range from solvent probes to optic modulators, frequency doublers, and electro-optic polymers.
A very similar structural pattern to 22 can also be built on 2,6-disubstituted pyridine. [41] Moreover, the presence of a basic pyridine nitrogen atom predestines such molecules to be used as pH-sensitive chromophores; the absorption maxima of which undergo significant redshift upon protonation (the ICT enhancement via pyridine to pyridinium acceptor replacement). The concept of using a central (di)azine acceptor moiety for V-shaped push-pull molecules has recently been extended and reviewed by Achelle et al. [3a,b] For instance, 4,6-bis(arylvinyl)pyrimidines 23 proved to be promising CT chromophores with facile synthesis and tunable optical properties. [42] By a proper selection of the peripheral donor groups and solvents, the absorption and emission maxima can be shifted over 200 nm. Various applications of such derivatives were demonstrated, ranging from second-order NLOs, colorimetric and luminescent pH sensors, ion sensing, and halochromic materials. In particular, 4-(N,N-diphenylamino)-phenyl-and 6-methoxynaphthalen-2-yl-substituted derivatives proved to be efficient 2PAs with a very high d 2PA of 5093 GM (800 nm) [43] and material suitable for white organic lightemitting diodes (WOLEDs). [44] Further modification of the diazine V-shaped chromophores can be achieved by linking topology, [45] ketonization (e.g., pyrimidone), [46] fusing with an additional (hetero)aromatic ring (e.g., quinazoline, naphthyridine, bipyridine, hexaazatriphenylene -HAT), [47] and quaternization. The last approach leads to cationic chromophores, such as pyridinium 24, [48] quinolizinium 25, [49] bipyridinium 26, [50] or azacyanines 27 ( Figure 11 ). [51] In general, N-quaternization of azines to azinium improves its electron-withdrawing ability, which subsequently enhances the D-A interaction (ICT). It further makes the chromophore crystalline, soluble in polar solvents (hydrophilic), and improves its thermal stability. [52] Hence, in contrast to azine analogues, azinium chromophores generally possess bathochromically shifted absorption and emission maxima, lower HOMO-LUMO gaps, and larger optical nonlinearities (e.g., large 2PA activity and strong fluorescence of 25 and 27).
In addition to the aforementioned six-membered heterocycles, V-shaped push-pull molecules were also built on some five-membered heteroaromatic compounds, such as carbazole, with a central pyrrole moiety. In contrast to electron-poor azine and azinium moieties, carbazole is employed as a central electron donor commonly equipped with two branches at positions C3/C6. For instance, Hsiue et al. investigated a series of carbazole V-shaped derivatives 28 ( Figure 12 ) as twodimensional chromophores with large second-order molecular polarizabilities, which could be translated into macroscopic nonlinearity upon embedding the chromophore into polymeric matrix. [53] Derivatives 28 with acetylenic spacers and peripheral formyl and nitro acceptors showed sufficient 2PA activity that allowed their use as two-photon polymerization initiators. [54] Either symmetrically or asymmetrically substituted carbazole D-(p-A) 2 molecules 29 and 30, bearing cyanoacrylic acid or rhodanine-3-acetic acid anchoring/ acceptor groups (A), also found application as dyes suitable for DSSCs. A DSSC device based on these organic materials showed overall conversion efficiencies of 2.37 and 6.68%, respectively. [55] In addition to optoelectronic applications, Shangguan et al. showed that carbazole V-shaped molecules with two peripheral benzo[d]imidazole rings interact with G-quadruplex, and therefore, may act as potential chemotherapeutics. [56] Similarly to carbazole D-p-D-p-A derivatives 30, fivemembered thiadiazole was also utilized as a parent heteroaromatic p-backbone for the construction of V-shaped sensitizers for DSSCs. Employing various anchoring groups, a conversion efficiency of up to 4.12% can be achieved. [57] Properly functionalized V-shaped oxazoles/thia(di)azoles or bisarylmaleimides possess mesomorphic properties or aggregation-induced enhanced emission (AIEE) and polymorphism-dependent fluorescence, as recently demonstrated by the groups of Lehman [58] or Lin.
[59]
X-Shaped Molecules
Push-pull molecules adopting an X-shape belong to traditional organic D-p-A systems. These molecules consist of four branches interconnected by a central p-system. Typically, two branches bear electron acceptors and the other two are occupied by two donors in either parallel or antiparallel arrangements. The simplest central p-system is represented by a double bond. Diederich et al. have shown a new family of cyano-substituted chromophores 31-36 ( Figure 13 ) called CEEs. [60] Despite being simple in structure, these push-pull molecules based on former tetraethynylethenes (TEEs) proved to be tunable and very powerful electron acceptors, NLOphores, solvatochromic probes, and materials for optoelectronic applications. [61,2a] For instance, chromophore 31 turned out to form crystalline thin films for nanoscale data recording, while the most branched and extended derivative 36 showed one of the highest third-order polarizabilities g rot 545 3 10 248 m 5 V 22 (degenerate four-wave mixing at 1500 nm, CH 2 Cl 2 ).
Undoubtedly, 1,2,4,5-tetrasubstituted benzene is one of the most often employed central p-system in X-shaped molecules. The simplest X-shaped benzene (D-p) 2 -B-(p-A) 2 cruciforms (B is benzene) were pioneered by Nalwa et al. in the early 1990s as NLOphores capable of forming LangmuirBlodgett films. [62] Since then, the design, synthesis, and applications of various benzene-derived X-shaped molecules can be considered as a burgeoning area. Their two-dimensional ICT, shape, arrangement, and thus, resulting peculiar (non)linear optical properties were also extensively investigated/predicted by quantum-chemical calculations. [63] The pioneers of the modern era of X-shaped molecules are the groups of Marks, [64] Buntz, [65] and Haley. [66] They developed a large number of cruciforms and have demonstrated their applicability as NLOphores, fluorophores, ion-sensing molecules, and so forth.
Recently, we introduced benzene-1,2-dicarbonitrile (dicyanobenzene (DCB)) as an electron-withdrawing moiety suitable for the construction of X-shaped push-pull molecules 37 with two DMA donors linked at positions C4 and C5 (Figure 14) . [67] These chromophores were further compared with isolobal pyrazine derivatives 38 bearing a pyrazine-2,3-dicarbonitrile acceptor (dicyanopyrazine (DCP)). [68] It was shown that heteroaromatic pyrazine acceptors imparted stronger ICT than aromatic benzene, as indicated by the narrowed HOMO-LUMO gap, bathochromically shifted longest-wavelength absorption maxima, and higher quinoid character. However, further property tuning has been carried out through a systematic extension of the p-system by various combinations of acetylenic and 1,4-phenylene units, [69] which revealed that, especially for the most extended molecules (n52), the optical nonlinearities of 37/38 were dictated not only by the electron-withdrawing power of the DCB and DCP units, but gradually also by the length, composition, and planarity of the p-system. Hence, the most extended chromophores 37 with the DCB unit showed higher second-harmonic generation (SHG) responses than isolobal DCP chromophores 38 (e.g., 3.2/3.0 or 4.9/3.1 pm V
21
). [68] Due to their optical and redox properties, selected dicyanopyrazines 38 were also envisaged as materials capable of undergoing photoinduced single electron transfer (SET). Upon modification of the electron-donating part with 5-methoxythienyl substituents and optimization of its synthesis, a very efficient photoredox catalyst 39 has been developed (Scheme 2). [70] Its absorption maxima of 448 nm, band gap of 2.82 eV, and high ground-state dipole moment of 18.26 D proved to be well-balanced for the SETmechanism involved in the cross-dehydrogenative coupling (CDC) reaction. The high catalytic activity of 39 and scope of this reaction have been demonstrated on substituted tetrahydroisoquinolines and other amines and various nucleophiles (Scheme 2), as well as in photocatalytic oxidations, oxidative hydroxylations, and reductive dehalogenations. These reactions did not require high-power light sources, long reaction times, air exclusion, or other special precautions, but provided the desired products in high yields, while the amount of 39 was less than 0.1 mol% and even 0.01%, which represents the lowest catalyst loading in current photoredox organocatalysis. Moreover, the high catalytic performance of 39 and utilization of itaconimide as a nucleophile in the CDC allowed the chemoselective control of radical cascade reactions (addition-cyclization, addition-elimination, addition-coupling, and addition-protonation), providing direct access to four new types of tetrahydroisoquinoline derivatives. [71] DCP-derived molecules similar to 38 incorporated into a polymeric backbone were also investigated as thermally stable multi-ICT chromophores by Ye et al. [72] In addition to parent six-membered (hetero)aromates, X-shaped chromophores can also be built on five-membered heterocycles, such as imidazole (40) or fused pyrrolo[3,2-b]pyrroles (41; Figure 15 ). Two reversely disubstituted imidazoles linked by 1,4-phenylene moiety in 40 adopted the X shape and were successfully applied as NLOphores upon incorporation into a polymer (PI or PMMA), achieving good nonlinearity-transparencyScheme 2. Synthesis, molecular structure, and HOMO (red)/LUMO (blue) localizations in photoredox catalyst 39 and its application in CDC reaction. thermal stability trade-off. [73] Very recently, Gryko et al. showed a modular synthetic approach towards tetraarylpyrrolo[3,2-b]pyrroles (41, TAPPs) with four p-branches bearing a CN acceptor or eventually an amino donor. [74] These new p-conjugated materials showed appreciable fluorescent and two-photon absorbing properties. Tetrasubstituted thiophenes, especially those with an oligomeric structure, such as 42, proved to be electroactive materials with perspective applications in organic solar cells. [75] The central p-system of X-shaped molecules can be further extended to fused (hetero)aromatic compounds, such as benzobisoxazoles, to form typical cruciforms 43. These molecules, mostly investigated by Nuckolls et al. [76] and Miljanić et al., [77] were applied in molecular electronics or as fluorophores/fluorescent sensors.
To finish the series of X-shaped molecules, we have to mention that the X arrangement can also be achieved using fused aromatic compounds, such as naphthalene, [78] anthracene, [79] pyrene, [80] or even more extended p-cores. [81] The modern applications of these larger systems profit mainly from their large emissive and semiconducting character, and therefore, range from fluorophores, 2PAs, and OLEDs to OFETs.
Y-Shaped Molecules
Similarly to X-shaped molecules, Y-shaped push-pull chromophores constitute a large family of molecules, which can be constructed on a variety of p-scaffolds. Due to their shape and arrangement, they are often referred to as tripodal or octupolar. Nevertheless, in this section, we focus on selected Y-shaped molecules with the p-system built on multiple bonds, fivemembered heterocycles, triphenylamine (TPA), azines, and some other related central moieties. The Y-shaped systems based on a combination of multiple bonds are frequently related to V(X)-shaped molecules. For instance, semior expanded quinoids 44 and 45; [82] buta-1,2,3-triene 46 ( Figure 16) ; [83] and donor-acceptor 4H-pyran-4-ylidene derivatives, such as 22 (Figure 10) , [39e-g,42b] were investigated as proaromatic and proacetylenic chromophores with exceptionally small HOMO-LUMO gaps, as well as nonracemic NLOphores and fluorophores.
In addition to unsaturated hydrocarbon p-backbones in 44 and 45, we started our research on Y shapes with heteroaromatic 1H-imidazole. [6] The first series of push-pull molecules 47 ( Figure 17 ) was built on simple lophine (2,4,5-triphenylimidazole).
[84] Subsequently, we focused on imidazole-4,5-dicarbonitrile (dicyanoimidazole (DCI)) as a five-membered electron acceptor related to DCP. Despite its lower electronwithdrawing ability than DCP, DCI-derived molecules 48 were easy to synthesize and turned out to be suitable model push-pull chromophores for fundamental structure-property relationships studies. [85] Both extension and branching of the p-system, as well as variation of the electron donor D, were thoroughly and systematically evaluated. [1] Chromophores 49 represent the opposite arrangement of electron donors around the central imidazole core to that in 48. [86] In 49, positions C4 and C5 are occupied by DMA electron donors, whereas the acceptor is placed at C2 separated by an additional linker. It turned out that 1H-imidazole was more polarizable with ICT transmitting from C4/C5 to C2 rather than vice versa. Hence, our further synthetic efforts were directed towards a combination of both imidazole moieties to afford bisimidazoles 50 bearing electron-releasing 4,5-bis[4-(N,N-dimethylamino)phenyl]imidazole and the DCI acceptor. [87] Optoelectronic properties of imidazole derivatives 47-50 were further studied by electrochemistry, absorption/ emission spectra, and SHG experiments completed by DFT calculations. [88] Whereas the DCI chromophores 48 bearing N,N-dimethylamino donor D were used as pH-triggered NLO switches (Scheme 3), [89] push-pull systems 48 bearing a double bond (styrene and stilbene p-linkers) underwent reversible E!Z photoisomerization. [90] As can be seen in Scheme 3, simple protonation taking place exclusively on the amino donor can diminish the ICT in 48, which is reflected by the hypsochromically shifted absorption maxima (Dk max 5 71 nm), high contrast of the NLO response between 48 and 48H 1 (23.5) , and increased differences between the HOMO and LUMO (DE ge ) and their distributions along the p-system (no charge separation upon protonation).
On the contrary, imidazole chromophores 49 with two DMA units showed significant light emission as a response to applied electric field, and therefore, were used as promising active materials for OLEDs. [91] Since the pioneering work of Moylan et al., [92] imidazole [93] and thiazole [94] become standard five-membered heterocyclic moieties widely used for the construction of Y-shaped chromophores, which were mainly utilized as robust NLOphores, fluorophores, chemosensors, and emissive materials. Thiazole proved to be more polarizable than oxazole or imidazole, and therefore, fused thiazole and related derivatives are considerably investigated as novel central p-conjugated scaffolds for Y-shaped molecules. [95] TPA is another scaffold and central electron donor widely employed in the construction of centrifugal Y-shaped molecules. Tripodal push-pull TPA derivatives are increasingly popular as 2PAs, semiconducting materials, fluorophores, biosensors, and dyes for DSSCs. [96] Despite recent progress made in understanding the 2PA process in organic push-pull systems, [13] chromophores 51 ( Figure 18 ) with variable peripheral cyano acceptor groups and moieties were designed as model tripodal push-pull molecules to systematically elucidate structure-2PA property relationships for TPA derivatives. [97] Electron-withdrawing behavior, structure, number of CN groups, and their mutual orientation within the acceptor moiety, as well as extension and composition of the p-bridge have influenced the 2PA properties of 51 most significantly. In a subsequent paper, we also systematically studied branching and solvent effects on the 2PA activity of selected derivatives 51 (according to the number of R substituents). [98] It turned out that, when going from linear to quadrupolar systems, the 2PA activity increased most significantly, whereas a change from quadrupolar to tripodal arrangements had a diminished effect. However, both effects are more or less pronounced, depending on the solvent used.
The TPA core can also be conveniently equipped with heteroaromatic diazine acceptor units (pyrimidine, pyrazine, and quinoxaline) as in 2PAs 52 ( Figure 19 ) with strong emission solvatochromism. [99] Based on a successful approach of improving the electron-withdrawing ability of pyridine acceptors through protonation/quaternization (see above), we have envisaged that pyridine-terminated TPA derivatives represent an ideal model of chromophores bearing peripheral basic centers, allowing their intercalation into acid layered materials (Scheme 4). [52, 100] Starting from linear 4-aminopyridine 53, we have prepared quadrupolar di-and tripodal tripyridylamines 54 and 55, extended TPA derivative 56, and their N-methyl analogues (Me; Figure 20) . Despite being simple in the structure, tripyridylamine 55 has been prepared for the first time; X-ray analysis showed an almost perfectly symmetrical structure. The extent and character of the intercalation process of 53-55 (Scheme 4) into alpha modification of zirconium hydrogen phosphate (ZrP), zirconium 4-sulfophenylphosphonate (ZrSPP), and gamma modification of titanium hydrogen phosphate (TiP) were studied by various methods. The following features should be stressed herein: 1) the ratio of the amount of intercalated 53-55 was 6:3:2, which was inversely proportional to the charge generated at each aminopyridine guest (1:2:3); 2) 53-55 underwent (partial) protonation during intercalation, depending on the number of basic centers and acidity of the host; 3) improved thermal and chemical resistance of the organic guest upon encapsulation into inorganic host; 4) protonation improved the ICT, redshifted the k max , and reduced the DE; and 5) supramolecular organization of 53-55 in the layered materials further enhanced their SHG responses (compare the data shown in Table 2 for 53-55, Me53-Me55, and their intercalates). Thus, intercalation is a very useful strategy to achieve inorganic-organic hybrid materials with tailored (NLO) properties.
A replacement of the central nitrogen atom in TPA by phosphorus or boron leads to phosphane oxide-or borane- derived tripodal push-pull molecules with noticeable NLO activity.
[101] However, these molecules are complicated to prepare and generally suffer from lower stability than TPA.
The centrifugal arrangement of TPA derivatives can be reversed to centripetal if electron-deficient cores, such as 1,3,5-trisubstituted benzene 57, [102] 2,4,6-trisubstituted pyridine 58, [103] and pyrimidine 59, [104] are employed ( Figure 21 ). However, the most widely employed central electron acceptor for star-shaped centripetal push-pull molecules is undoubtedly triazine 60. [105] Increasing the number of heteroatoms within the central ring imparts stronger ICT into the branches, and therefore, chromophores 57-60 are increasingly polarized. The applications range from second-order NLOs, 2PAs, liquid crystals, photovoltaics, and OLEDs to molecules showing aggregation-induced emission.
Conclusion
We have attempted to demonstrate herein that the recent design of organic push-pull molecules can be inspired by letters of the alphabet. This article intends to show how heterogeneously organic chemists can trifle with known patterns to combine them into novel types of p-conjugated molecules with the properties tailored to satisfy numerous requests of materials chemists. Various extraordinary arrangements, in particular H-, L-, T-, V-, X-, and Y-shapes, can be revealed in the current literature. We focused our research activity especially towards T-, X-, and Y-shaped molecules, which were discussed in more detail. The parent p-conjugated moieties utilized for the construction of these letter-shaped D-p-A chromophores involve (hetero)aromatic compounds such as indan-1,3-dione, olefinic and acetylenic scaffolds, benzene, pyrazine, imidazole, pyridine, and TPA. These units are most often equipped with peripheral acceptors, donors, and eventually an additional p-linker, but the electron-releasing or -withdrawing moieties can also be incorporated directly into the chromophore p-backbone. In our opinion, the most fascinating feature of push-pull molecules is their tunable properties. Hence, organic CT chromophores can be directed towards second-order NLOs, two-photon absorption, NLO switches, fluorophores, OLEDs, OFETs, DSSCs, photocatalysis, intercalation, and so forth. The current push-pull molecules can surely be considered as old friends with a new look and applications. In the near future, we eagerly expect novel lettershaped push-pull molecules to gradually fill the whole alphabet.
